Abstract-The increasing penetration of inverter-interfaced resources underscores the need of valid and accurate pv-inverter models for short circuit studies and for the design of proper protection schemes. This paper presents comparison and validation of several inverter models' dynamics under fault scenarios to two commercial inverters using a Power Hardware-in-the-Loop (PHIL) testbed. Nowadays, IEEE1574 compliant inverters with anti-islanding will contribute for several cycles ( 1.1 p.u.) before they disconnect. As the inverter standards move towards low voltage ride-through (LVRT) capabilities to counteract remote faults, the accurate modeling of inverters using this feature becomes extremely important. One of the purposes of this paper is to compare the dynamic behavior of different inverter models with LVRT capabilities against two commercial inverters with the aid of PHIL simulation environments. Comparisons were made under different fault scenarios using the IEEE 13 node feeder as testing grid. The other purpose is to raise awareness amongst inverter manufacturers on providing accurate and comprehensive inverter simulation models that account for the protection engineers necessities.
I. INTRODUCTION
Nowadays, grid code requirements at the state and national level [1] are requiring distributed energy resources (DERs) to include voltage regulation capabilities, which in turn, will no longer guarantee that power converters (inverters) operate at unity power factor. Also, utility interconnection standards [2] are recently updating their requirements so that the DERs can provide ancillary services in the presence of grid contingencies. Grid support functions (i.e. volt-var, frequency-watt, and fixed power factor) already implemented in commercially available inverters have proven to be an effective way to counteract for voltage regulation or grid stability requirements [3] , [4] , particularly in systems with high penetration of DERs. Furthermore, parametric characterizations of the aforementioned inverter functions have been proposed for simulation environments [5] . However, in terms of power systems protection, little has been done in proposing and validating (particularly under short circuit scenarios) inverter models with and without LVRT capabilities implemented in them. With the increasing advent of inverterinterfaced resources in transmission and distribution systems, the need of accurate inverter models for the design and coordination of protection schemes becomes more critical. Most distribution-connected PV inverters operate in currentcontrolled mode, which means that the inverter continuously controls its terminal voltage to maintain the output current at a certain setpoint provided by the user. During a fault, the current and voltage of the inverter are primarily governed by their controllers [6] , [7] , thus, both quantities will exhibit a nonlinear behavior. Therefore, depending on the complexity of the inverter model, this could limit real-time simulations and could cause the simulation not only to lose synchronization but also to lead into instability. The averaging model approach for inverter modeling [8] would be practical because there are limitations on the number of physical inverters that can be connected to a PHIL testbed depending on the facility capabilities.
Results presented in [9] give a comprehensive and a systematic approach about the insights of microgrid principles of protection in terms of selection and coordination of protective devices, but the report does not provide specific information about the inverter models in terms of validation of their dynamic behavior with respect to commercially available inverters. Also, [6] provides a detailed analytical model of a single-phase inverter under fault conditions, but without experimental data to validate the simulation results. It is within the scope of this paper to test four simulation models of grid tied inverters: a single phase DQ-Current-Controlled using switching elements (IGBT's), a single and three-phase averaged models with reactive power injection during fault scenarios, and a three phase model at switching level with Low Voltage Ride Through (LVRT) capabilities. In order to compare their dynamic behavior under fault conditions against commercially available inverters, the PHIL setup of the Distributed Energies Technologies Laboratory located at Sandia National Laboratories was used.
II. INVERTER MODELS
A. Single phase dq-current-controlled model Figure 1 shows the block diagram of the single phase inverter model, which consists of a fixed DC source connected to the H-Bridge array of IGBTs followed by the Point of Fig. 1 : Single phase dq-current-controlled inverter [6] .
Common Coupling (PCC) with the grid terminals, where the voltage and current are sensed in order to be processed by the dq-current control scheme. Real end reactive powers are set indirectly by I dref and I qref , respectively. More information about this inverter model including an analytical representation under fault scenarios is presented in [6] . Figure 2 shows the block diagram of the averaged threephase inverter model. The current control loop is based on a dq-current-controlled scheme with feed-forward compensation for both: the grid voltage, and the i d and i q crosscoupling terms that are intrinsic to the analysis of the system in the dq-frame [8] . Notice also that under normal operation the user can select I qref (normally selected to 0, so the inverter runs under unity power factor), but if the under voltage detector senses a value less than 0.9 p.u. at the terminals of the inverter (fault occurrence), then the reference is changed to I qf ault , which follows the expression used by Type IV turbine inverter models from EPRI:
B. Average inverter model with reactive power injection
(1) Fig. 2 : Average inverter model [7] . C. Three phase inverter model with Low Voltage Ride Through (LVRT) capabilities. Figure 3 shows the diagram of this inverter model. The input to this system is a constant DC voltage source that represents the solar pv-source. In addition, the system includes: a three leg H-bridge converter simulated at switching level using IGBTs, an LC filter that attenuates the high frequency content in currents and voltages, and a delta-wye transformer to interface with the high voltage side PCC (grid). Real and reactive power feeding into the grid are controlled using sinusoidal pulse width modulation (SPWM) [11] . The equations of instantaneous active and reactive powers injected by the inverter are:
Where P 0 and Q 0 are the average values, and P C2 , P S2 , Q C2 , and Q S2 represent the magnitude of the double frequency component in the instantaneous powers, which exist only under unbalanced grid conditions. The magnitudes of these quantities can be expressed in the dq-for the control frame [10] , as follows:
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Since the main objective of inverter control is to inject balanced currents to the grid even under faulted PCC conditions, separate positive and negative sequence PI current controllers are used in the dq-frame for the control of real and reactive powers. Figure 4 shows the control scheme used, where the current reference commands of the positive and negative sequence controllers are generated by using Eqs. (4)- (9). Under unbalanced voltage conditions an LVRT scheme is implemented. Such feature is triggered by an undervoltage detector which switches the I + qref component reference to a PCC voltage controller whose output is limited to 1.1 p.u. of the inverter power rating.
III. TEST METHODOLOGY
As shown in Fig. 5 , the IEEE 13 node test feeder was used to evaluate the inverter models to the physical inverters. The single-phase inverters were placed at the end of node 611, whereas the three phase inverters were placed at the end of node 675 to connect to a three-phase load and increase the maximum distance from the feeder head. The inverter models were evaluated against two commercial inverters (Devices Under Test): DUT A, which is a single phase inverter rated at 3.2 kVA and 240 V; and DUT B, which is a three-phase inverter rated at 24 kVA and 240 V. Four different fault types were applied to the physical and modeled inverters to evaluate their responses: balanced three phase, line-to-ground, line-to-line, and double line-to-ground. All the faults were placed between nodes 632 and 671 in an effort to avoid getting too close either to the generator (substation) or inverter terminals, which would trip an instantaneous disconnection of the physical inverters under test without recording substantial data related to their dynamics.
IV. PHIL TESTBED
PHIL systems have the advantage of providing cost effective testing, scalability, validation, and verification of the efficacy of the tested models along with the modeling methodologies [12] . The integrated simulation of a comprehensive system with one part simulated numerically and the other part using real devices provides high fidelity for real-time power electronics and power systems plant models, thus providing high confidence that the system will perform as expected.
The simulations for this study were conducted using an OPAL-RT OP5600 real-time digital simulator running the IEEE 13 node feeder in RT-LAB c . The physical inverters were interfaced to the power simulation through a 180 kVA AMETEK R RS180 grid simulator using the ideal transformer method as interface algorithm [13] . The DC side of the inverter was connected to an AMETEK R PV simulator configured to represent a 3.2 kW p-silicon PV system.
The PHIL testbed is depicted in Fig. 6 . The system is highly configurable so that multiple inverters, both single phase and three-phase, can be connected to the testbed. The voltage and current waveforms will be recorded and post processed after each fault test. Finally, for every simulation case the time step was set to 80 µs.
V. EXPERIMENTAL RESULTS
At this point, it is important to point out that due to space restrictions only the most relevant figures with respect to the models' and DUTs' dynamics will be shown in this section. (BC) . Leaving the double line-to-ground case results out of this paper, but available to the readers upon request to the authors. For all the cases, fault inception occurs after 160 seconds, thus giving the DUTs enough time to properly connect to the PHIL setup and reach steady state. Finally, the comparisons were performed by measuring power (real and reactive), voltages, and currents at node 611 for the single phase models; and at node 675 for the three-phase models. All the models and physical inverters were tested one at a time.
A. Three-phase to ground case (ABCG)
This case was simulated using a 1 ohm impedance between the fault location and ground. Figs 7-9 shows the comparisons for this case. For this particular case, the fault was set at phase C to ground (CG) with an impedance of 1 ohm. Figures 10-13 show the most relevant comparisons for this case. Since the fault is unbalance, the magnitude of the sequence components of voltage and current were displayed as well as their respective time waveforms. Notice in Fig. 10 that the FRT model maintains a constant supply of real and reactive power even during the presence of fault conditions. This is due to the fact that its control scheme is designed to provide constant power injection by using a positive and negative sequence controller. Notice from Fig. 11 how the voltages behave in a very similar way for the two models and DUT B, but the comparisons of currents in Figs. 12-13 show different dynamics. Figures 14-16 show the most relevant comparisons for this fault case. Voltage dynamics were not shown for this case as they behave in a very similar fashion for all the unbalanced cases since the fault current is mostly dominated by the substation power source.
D. Single phase inverter case
For this fault case, phase C was shorted to ground using a 1 ohm impedance, but this time all the measurements were taken at the PCC located in node 611. Figure 17 shows the comparison of the dynamics for this fault case. High penetrations of inverter-based generation require more accurate dynamic inverter models. While synchronous generator dynamics are well understood and commonly modelled, inverter models are generally specific to the inverter manufacturer and controls. Advanced inverter controls like low-voltage ride-through (LVRT) have made this modelling even more challenging. This paper provides an overview of several different inverter models, ranging in complexity, in order to demonstrate the value, advantages, and disadvantages of different types of inverter models. A range of fault scenarios are simulated to compare the accuracy of the simulated inverter models to the dynamic fault performance of commercial inverters. While power-hardware-in-the-loop testing can provide the most accurate results using a specific inverter and its settings, this paper demonstrates how detailed inverter models can provide distribution engineers realistic results even during complicated LVRT conditions.
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